The single functionalization of the parent centropolyindane hydrocarbons fenestrindane (2) and centrohexaindane (3) at the molecular arene periphery has been studied. The monoformylation of 2 and 3 using the Rieche method resulted in the corresponding aldehydes, 7 and 10, in 23% and 35% yield, respectively. The Friedel-Crafts acetylation of 2 furnished 2-acetylfenestrindane (8) in 53% yield, and the Baeyer-Villiger oxidation of 7 followed by hydrolysis resulted in the 2-hydroxyfenestrindane (9) in 72% yield. The results show that electrophilic attack at one of the eight or, respectively, even 12 equivalent positions of 2 and 3 is a viable method for the monofunctionalization of these polycyclic aromatic hydrocarbons.
Introduction
The functionalization of bowl-shaped aromatic hydrocarbons, such as corannulene [1] [2] [3] [4] [5] [6] and sumanene [7] [8] [9] , has gained remarkable interest in recent years because it enables the extension and modification of the threedimensional polycyclic hydrocarbon scaffold as well as the access to fundamental investigations on the properties of curved aromatic derivatives in both series [5, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In this vein, the introduction of either one single functional group or the maximum possible number functionalities may represent a challenge because such relatively extended hydrocarbon structures contain several chemically equivalent peripheral positions. During our investigations on the directed single and exhaustive functionalization of centropolyindanes [22, 23] at their molecular arene periphery, we encountered similar challenges. In the present report, we wish to disclose some results on the introduction of one single functionality into selected higher centropolyindane congeners [24, 25] .
Among the individual members of the centropolyindanes family [24, 25] , the polycyclic frameworks of tribenzotriquinacene (1) [26] [27] [28] [29] , fenestrindane (2) [30, 31] , and centrohexaindane (3) [32, 33] were found to behave very similarly and systematically with respect to their reactivity at the aromatic periphery [34, 35] : (i) only the outer positions of 1-3 undergo electrophilic substitution, such as exhaustive bromination and iodination [36] [37] [38] , and the single nitration of each of the individual benzene nuclei [39] [40] [41] [42] (Fig. 1) . It was also found that the adjacent arene units do not exhibit significant electronic interaction, giving rise to random ("statistical") attack for multiply electrophilic aromatic substitution reactions at the outer molecular periphery [24, [39] [40] [41] [42] [43] . Therefore, the introduction of only one single functional group into the parent hydrocarbons 1-3 or the bridgehead-alkylated derivatives of 1 and 2 is not trivial but represents a desirable target in view of the extension of one single wing of these three-dimensional polycyclic building blocks [44, 45] . Overall, the reactivity toward electrophilic aromatic substitution was found to decrease markedly from the smallest congener, 1, to the highest one, 3, possibly because of the decreasing solubility of the substrates and intermediate products. The efficient monofunctionalization of tribenzotriquinacenes can be achieved in some cases (formylation [44] [45] [46] [47] and acetylation [47] ), but with the higher congeners, 2 and 3, the introduction of a single functionality appeared to be difficult. In the present note, we disclose some cases in which the monofunctionalization of fenestrindane (2) and centrohexaindane (3) was conducted successfully with these parent hydrocarbons, in part as a complement to the ab initio synthesis of substituted analogs that starts from appropriately substituted building blocks [48] [49] [50] [51] . Owing to the unique polycyclic hydrocarbon structures of 2 and 3, we considered it interesting enough to study not only the feasibility of the monofunctionalization but also some spectroscopic features of the corresponding derivatives.
Results and discussion
As a basis for the access to several monofunctionalized tribenzotriquinacene derivatives, Cao et al. were the first to convert the bridgehead-tetraalkyl TBTQ derivatives 4b and 4c into the corresponding TBTQ-2-carbaldehydes 5b and 5c using the Rieche formylation [44, 52] (Scheme 1). Subsequent Baeyer-Villiger oxidation followed by the hydrolysis of the formate intermediate furnished the corresponding TBTQ phenols [44] . Adopting the same formylation method, we recently synthesized the monomethyl analog 5a from the simpler precursor 4a [47] . In all these cases, access to enantiomerically pure functionalized TBTQ derivatives was achieved. Also, the corresponding 2-acetyl derivative 6 was accessible from 4a by use of the classical Friedel-Crafts method in excellent yield [47] .
Turning to the higher centropolyindane congeners, we subjected fenestrindane (2) and centrohexaindane (3) to Rieche formylation under similar conditions (Scheme 2). When the reaction was started at 0°C and allowed to run for 20 h at ambient temperature, the conversion was still incomplete. Monitoring the reaction by thin-layer chromatography showed two new spots, which implied the formation of both the desired TBTQ monoaldehyde along with a mixture of (possibly three) dialdehydes [46] . Column chromatography afforded the desired 2-formylfenestrindane 7 in relative low yield (23%). Subsequent treatment Scheme 2: Syntheses of the monofunctionalized fenestrindane derivatives 7-9. [44, 45, 47] .
of 7 with meta-chloroperbenzoic acid at ambient temperature for a rather long reaction time (3 days) followed by alkaline aqueous workup resulted in the corresponding phenol, 2-hydroxyfenestrindane (9), in 72% isolated yield after chromatography.
The monoacetylation of fenestrindane 2 with acetyl chloride and aluminum trichloride in dichloromethane at 0°C under TLC monitoring occurred much faster and more efficiently than monoformylation. After a total of 2 h, only one single new spot was observed. Quenching and workup of the reaction mixture followed by chromatography resulted in the desired product, 2-acetylfenestrindane (8), in 53% isolated yield. Considerable amounts of the starting material (39%) were recovered; thus, the yield of the fenestrindane-based acetophenone 8 based on reacted hydrocarbon 2 was remarkably high (87%). The prolongation of the reaction time was found to generate products of twofold acetylation but gave no increase of the yield of 8.
Comparison with the tribenzotriquinacenes clearly reveals that the reaction times required for the acylation of fenestrindane (2) are significantly longer than those necessary for the lower centropolyindane congeners 4a-4c. This may have at least an indirect unfavorable effect on the yields of the fenestrindane derivatives 7 and 8. The origin for the lower reactivity of 2 may be attributed to the decreased solubility of this hydrocarbon as compared with the tribenzotriquinacenes. Solubility differences are certainly more important than the increased number of positions available in 2 for the electrophilic attack as compared with 4a-4c.
The new fenestrindane derivatives 7-9 were identified by nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry. Monosubstitution at C-2 breaks the high formal molecular symmetry (D 2d ) of the parent hydrocarbon, which is known to be conformationally dynamic at ambient temperatures [53, 54] . There is no reason to assume that the presence of a functional group at the aromatic periphery would decrease the intramolecular conformational mobility. This is clearly reflected from the 1 H and 13 C NMR spectra. The functionalized benzene ring and also parts of the adjacent benzene units can be recognized by a significant splitting of the various 1 H resonances. For example, the 1 H NMR spectrum of 7 ( Fig. 2 ) exhibits, besides the aldehyde resonance at δ = 10.04 ppm, the characteristic pattern for the benzaldehyde nucleus: a singlet at 8.07 ppm for the isolated ortho-proton (1-H) and an AB spin system at 7.72 and 7.83 ppm ( 3 J = 7.7 Hz). Among the protons of the other three benzene rings, the ortho-proton that is oriented closest to the aldehyde function (16-H) suffers a small but significant downfield shift (7.61 ppm). The five residual unaffected ortho-protons and the six undisturbed outer protons generate two multiplets at 7.57 and 7.34 ppm that are reminiscent of the 1 H NMR spectrum of 2 [30, 31, 53, 54] . Notably, the signals of the four (no longer equivalent) bridgehead protons appear at three different chemical shifts within the very narrow range of 4.93-4.96 ppm. As expected, the 1 H NMR spectrum of 2-acetylfenestrindane (8) shows a similar magnetic deshielding behavior (see Supporting Information). The acetophenone part of the structure gives rise to a singlet resonance at δ = 8.14 ppm and an AB spin system at 7.90 and 7.62 ppm ( 3 J = 7.7 Hz). Again, one proton of the remaining three benzene rings, 16-H, is observed at slightly lower field (7.59 ppm) than the remaining five ortho-protons that resonate at 7.55 ppm, along with the six residual peripheral protons appearing at 7.31 ppm. The four nonequivalent bridgehead protons are pairwise isochronous and generate two apparent singlets at 4.93 and 4.91 ppm.
The 1 H NMR spectrum of 2-hydroxyfenestrindane (9) shows a similar characteristic splitting of the functionalized arene ring but with opposite shifts (see Supporting Information). In this case, the expected ABC spin system of the phenol unit is clearly recognizable: the "inner" ortho-phenolic proton, 1-H, resonates at δ = 7.00 ppm as a narrow doublet and the other "inner" proton, 4-H, and the "outer" ortho-phenolic proton, 3-H, appear as a large doublet and a double doublet at 7.38 and 6.76 ppm, respectively ( Because the monoformylation turned out to be successful with fenestrindane (2), we applied the same method to centrohexaindane (3, Scheme 3). In fact, under the same conditions that were applied to 2, the highest member of the centropolyindane family underwent this functionalization with even somewhat higher efficiency as compared with 2. After chromatography, the desired derivative, 2-formylcentrohexaindane (10), was obtained in moderate yield (35%). In fact, no doubly or more highly functionalized product was observed under the conditions used. It may be speculated that the increase of solubility by the introduction of the first aldehyde group is significantly less in the case of 3 → 10 than for the lower congeners, such as for 2 → 7. However, the prolongation of the reaction time again led to the formation of more highly functionalized products, and higher yields of aldehyde 10 could not be achieved.
In the case of centrohexaindane, the monofunctionalization of one benzene nucleus does not break the molecular symmetry down to C 1 . Instead, the T d symmetry of 3 is reduced to C s symmetry in such derivatives, which is clearly reflected by the 1 H NMR spectrum of aldehyde 10 ( Fig. 3) as well as by its 13 C NMR spectrum (see Supporting Information). This also means that 10 and all other monofunctionalized centrohexaindane derivatives are achiral, in contrast to the arene-monofunctionalized fenestrindanes 7-9. The mirror plane of structure 10 coincides with the plane of the functionalized benzene nucleus (Fig. 4) . As a consequence, all protons in the 1 H NMR spectrum of 10 are pairwise equivalent, except the four benzaldehyde protons, only three of which are visible at δ = 10.01 ppm (CHO), 8.32 ppm (s, 1-H), and 7.99 ppm (d, 3 J = 7.9 Hz, 4-H) (Fig. 3) . Although the missing signal of 3-H at the benzaldehyde unit is hidden in the multiplet appearing at 7.83 ppm, there are now two equivalent ortho-protons positioned close to the formyl group of the benzaldehyde unit of 10 (16-H and 22-H, see Scheme 3). The corresponding multiplet is clearly seen at 7.88 ppm. The remaining eight ortho-protons appear as a multiplet centered at 7.82 ppm, whereas the 11 protons remaining at the outer peripheral positions of structure 10, including 3-H, appear as a multiplet at 7.33 ppm, again reminiscent of the behavior of the parent hydrocarbon [32, 33] . The 13 C NMR spectrum of 10 confirms the molecular C s symmetry even more clearly. In total, it exhibits only 26 resonances, as required for this C 42 mass spectrum of 10 shows a strongly dominant molecular radical cation peak at m/z = 544, besides the loss of the functional group to a minor extent.
Finally, it should be mentioned that our attempts to convert aldehyde 10 into the corresponding phenol by Bayer-Villiger oxidation and to introduce one single acetyl group into the parent hydrocarbon 3 turned out to be unsatisfactory. Whereas partial conversion to the desired monofunctionalized derivatives was observed under conditions that proved to be appropriate in the fenestrindane series, the chromatographic separation of the desired compounds remained unsuccessful in both cases.
Conclusion
Monofunctionalized fenestrindanes, 7-9, and a monofunctionalized centrohexaindane, 10, have been synthesized and characterized. It is demonstrated that the introduction of a single formyl or acetyl group at one of the eight or even 12 equivalent outer peripheral positions of these centropolyindanes can be achieved in a controlled way. On this basis, the refunctionalization of a single indane wing of the parent hydrocarbons, fenestrindane 2 and centrohexaindane 3, should become feasible, as should the single-wing extension of these three-dimensional polycyclic aromatic hydrocarbons, in analogy to the concepts that proved to be successful for the lower tribenzotriquinacene congeners [44, 45] .
Experimental

General
All reactions that required anhydrous conditions were carried by standard procedures under argon. Commercially available reagents were used as purchased without further purification. Melting points (uncorrected) were measured with a Büchi Melting Point B-540 apparatus (Büchi Labortechnik GmbH, Essen, Germany). IR spectra were recorded with a Nicolet-380 FT-IR spectrometer model (Thermo Electron Corporation, Madison, WI, USA). 1 H NMR spectra were measured with a Bruker DRX 500 instrument (Bruker GmbH, Karlsruhe, Germany) (500 MHz, CHCl 3 at δ = 7.24 ppm as internal standard), and 13 C NMR spectra were recorded with a Bruker Avance III 500 instrument (Bruker GmbH, Karlsruhe, Germany) (125.7 MHz, CDCl 3 at δ = 77.0 ppm as internal standard). Mass spectra were recorded with a Fisons VG Autospec X double-focusing mass spectrometer (Fisons, VG Analytical, now Waters, Manchester, UK). Accurate mass measurements were conducted with the same instrument. Column chromatography was conducted using silica gel 0.063-200 mm (Macherey, Nagel & Co, Düren, Germany). Thin-layer chromatography (TLC) was performed with silica gel 60 F254 on Al foil (Merck KGaA, Darmstadt, Germany). Formyl-4b,8b,12b,16b A solution of fenestrindane (2, 101 mg, 274 μmol) in anhydrous dichloromethane (5.0 mL) was stirred at 0°C under argon while titanium tetrachloride (30.0 μL, 273 μmol) was added cautiously. Under continued stirring of the yellowish solution, dichloromethyl methyl ether (20.0 μL, 225 μmol) was added dropwise while the color of the solution turned to red. The mixture was allowed to warm to ambient temperature and then stirred for a further 20 h. After quenching by addition of water, the resulting mixture was extracted thrice with dichloromethane, and the combined organic layers were washed with saturated aqueous sodium chloride and dried with sodium sulfate. The evaporation of the solvent under reduced pressure gave a solid residue, which was subjected to column chromatography (cyclohexane-ethyl acetate 3:1) to yield aldehyde 7 (25. A solution of aldehyde 7 (25.1 mg, 63.3 μmol) in anhydrous dichloromethane (5.0 mL) was stirred at 0°C while meta-chloroperbenzoic acid (12.2 mg, 70.7 μmol) was added. The mixture was allowed to warm to ambient temperature and stirring was continued for 3 days. Then the solvent was removed under reduced pressure, and the residue was redissolved in a methanol-water mixture (3:1 v/v, 6.0 mL). Solid ground potassium hydroxide was added, and the mixture was stirred at ambient temperature for 2 h. Water (5 mL) was added, and the resulting mixture was extracted with ethyl acetate (3 × 15 mL). The combined organic layers were dried with sodium sulfate, and the solvent was removed under reduced pressure. The solid residue was subjected to column chromatography (c-C 6 H 12 - 
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